Efficient prediction of the residual stress of peripheral milling is a critical issue in academic research and industrial practice. An enhanced analytical method is developed based on inclusion theory, taking account of the sequential effect of varying thermal-mechanical load due to periodic instantaneous chip thickness. Provided with accurate analysis of the deformation in metal cutting, rigorous solution is available in principle for arbitrary two-dimensional residual stress field in complex cutting process, which is difficult to tackle by traditional relaxation procedure. Combined with mechanistic model of cutting force and approximate incremental analysis of inelastic contact, two-dimensional residual stress profile in peripheral milling is achieved efficiently by the proposed method for the first time. The predicti ons are verified experimentally by the X-ray diffraction measurements on the flat specimens of AISI4340 steel.
Introduction
In aerospace industry peripheral milling is widely employed for structural machining process. As for the considerable influence of machining on finished surface integrity which determines the functional performance of the components, investigation on the model for the prediction of surface integrity due to peripheral milling has attracted much attention in the recent years [1] . While most of the efforts are focused on the simulation of geometrical errors and surface topography associated with machining dynamics, the efficient simulation of residual stress due to peripheral milling remains a critical challenge in academic research and industrial practice.
There have been a handful of studies on the residual stress of peripheral milling. The early works on residual stress in machining before 1980s have been well summarized in the review by Brinksmeier [2] , in which qualitative interpretation based on the reverse effects of mechanical and thermal impacts are provided for the residual stress profile in milling process. Several statistic models for residual stress prediction based on experimental studies are proposed thereafter, mainly associated with the face milling [3] and ball-end milling process [4] . FEM-based methods are employed widely nowadays for numerical modeling of the metal cutting [5, 6] , provided with accurate constitutive parameters and robust meshing technique to guarantee the proceeding of the simulation. Combining FEM method with other approaches, such as experiment-based equivalent loading or statistic models, several hybrid models are recently proposed to improve capability [7, 8] . However, the time consumption is often too much, especially for residual stress simulation of milling, which might take several days or weeks as a result of the fine mesh required for the chip generation and the high stress gradient near surface [9] [10] [11] . Hence efficient physical based models for residual stress prediction of peripheral milling are required for industry practice.
Analytical model of residual stress is immerging as a promising candidate for practical application since its high computation efficiency and clear interpretation of the process [12, 13] . These analytical models are mainly proposed for the prediction of residual stress in orthogonal machining, limited by incremental contact algorithm with relaxation procedure. As for residual stress prediction in milling operation, several assumptions and simplifications are required while adopting the analytical approach at present. Su and Liang et al. [14] proposed an analytical model for the residual stresses in end milling, in which the largest depth of cut in milling is chosen for the modeling of generation of machined surface. Huang et al. [15] developed an analytical model of orthogonal milling considering the effect of sequential cutting process. However, two dimensional distribution of residual stress in milling can not be treated using the analytical methods mentioned above, since the intrinsic assumption of steady contact in the algorithms with relaxation procedure.
Recently, Huang et al. [16] proposed an relaxation-free analytical method for the residual stress prediction in orthogonal machining based on inclusion theory. Closed-form solution is obtained to map local inelastic strain to residual stress, which sheds light on the possibility to solve two dimension problem without assumption of steady contact. In this paper, we developed an enhanced analytical model for peripheral milling based on two dimension inclusion theory. Incremental elasto-plastic analysis of the sequential loading cycles are followed by the superposition of residual stress due to distributed inelastic strain. Two dimensional residual stress are achieved for various machining conditions. Experimental cutting tests of AISI4340 steel are conducted and X-ray diffraction measurements of residual stress are performed to validate the analytical predictions.
Model of residual stress in peripheral milling
In this section an analytical model for residual stress prediction is presented for peripheral milling process based on two dimensional inclusion theory. The peripheral milling process is considered to be two dimensional plane strain problem for simplification. The tool is assumed to be rigid.
Geometry of peripheral milling
In this paper description of the model is mainly based on down-milling, which is widely adopted in practice. The cutting conditions and corresponding geometry descriptions of the process are shown in Fig 1. where r is the radius of the tool.
Similarly, the forementioned geometrical relationship can be applied to up-milling process, with the tool edge leaving the machined surface and the uncut chip thickness increasing.
Sequential loading due to thermo-mechanical effect
In peripheral milling, the machined surface is subjected to sequential thermo-mechanical load due to the cyclical generation of chip. In the case of down-milling, the periodic loading process near the tool edge is illustrated in Fig. 2 . According to the mechanistic model of milling force, the instantaneous mechanical loads t F and f F are given by: 
where tc fc K K are the cutting force coefficients in tangential and feed direction, te fe K K are the edge force coefficients in tangential and feed direction and b denotes the depth of cut in the axial direction of tool. Since the plane strain assumption,
